In an attempt to characterize the contribution of the 5-HT1B receptor to behavior, 5-HT1B knock-out (KO) mice were subjected to a battery of behavioral paradigms aimed at differentiating various components of cognitive and emotional behaviors. In an object exploration task, wild-type (WT) and 5-HT1B KO mice did not differ in locomotor activity. 5-HT1B KO mice, however, displayed lower thigmotaxis (an index of anxiety) associated with a higher level of object exploratory activity, but no genotype differences were observed in the elevated plus maze. 5-HT1B KO mice also displayed a lack of exploratory habituation. In the spatial version of the Morris water maze, 5-HT1B KO mice showed higher performances in acquisition and transfer test, which was not observed in the visual version of the task. No genotype differences were found in contextual fear conditioning, because both WT and 5-HT1B KO mice were able to remember the context where they had received the aversive stimulus. The deletion of the 5-HT1B receptor, associated with appropriate behavioral paradigms, thus allowed us to dissociate anxiety from response to novelty, and perseverative behavior (lack of habituation) from adaptive behavioral inhibition underlying cognitive flexibility (transfer stage in the water maze). The deletion of the 5-HT1B receptor did not result in significant developmental plasticities for other major 5-HT receptor types but may have influenced other neurotransmission systems. The 5-HT1B receptor may be a key target for serotonin in the modulation of cognitive behavior, particularly in situations involving a high cognitive demand.
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The multiplicity of serotonin [5-hydroxytryptamine (5-HT)] receptors, their linkage to different second messengers, and their neuronal distribution (Hoyer and Martin, 1996) have to be taken into account in the analysis of cognitive f unctions potentially modulated by 5-HT (Buhot, 1997) . Serotonin receptors occupy strategic cellular and subcellular locations in the hippocampus, a key cerebral structure involved in spatial learning and memory (O'Keefe and Nadel, 1978; Buhot et al., 1991; Jaffard and Meunier, 1993; Jarrard, 1993) that receives a main influence from the septal cholinergic system (Brito et al., 1983; Kelsey and Vargas, 1993) .
Among the different 5-HT receptors, the 5-HT1B receptor is predominantly located on axon terminals where it generally inhibits neurotransmitter release (Boschert et al., 1994) . These receptors, located on terminals of retinal ganglion cells in the superior colliculus (Boulenguez et al., 1996) , control visual attentional processes (Boulenguez et al., 1995) . The presence of 5-HT1B receptors in the hippocampal formation suggests a potential role for these receptors in modulating memory processes. Serotonin controls acetylcholine release through 5-HT1B receptors located on septal terminals in the hippocampus (Maura and Raiteri, 1986) and glutamate release in the dorsal subiculum through 5-HT1B receptors located on CA1 pyramidal neuron terminals (Aït Amara et al., 1995; Boeijinga and Boddeke, 1996) . Rats receiving a stimulation of hippocampal (CA1) 5-HT1B receptors were found to be impaired in a spatial learning task, displaying more reference than working memory errors , and exhibited neophobic reactions in an object exploration task . These results suggest that the inactivation of 5-HT1B receptors might affect attention and emotion and have positive effects on learning and memory processes.
The lack of specific 5-HT1B antagonists led us to adopt a molecular biological strategy for studying the implication of 5-HT1B receptor in cognitive functions, especially in the cognition/emotion balance, by using 5-HT1B receptor knock-out (5-HT1B KO) mice (Saudou et al., 1994) as subjects using different hippocampal-dependent and -independent tasks.
We used behavioral paradigms that are mainly targeted toward the analysis of spatial behavior and spatial memory and otherwise do not require food deprivation [the 5-HT1B receptor being involved in food intake (Lee and Simanski, 1997) ]. The object exploration paradigm induces responses to novelty, involving cognitive (active exploration and habituation) as well as emotional reactions, that are mainly controlled by the hippocampus (Save et al., 1992a,b; . Hippocampal-mediated memory performances were f urther assessed using the Morris water maze (Morris, 1984) . We assessed spatial reference and working memory and visual orientation using appropriate versions of the task. To evaluate whether the lack of 5-HT1B receptor affects simple or complex associative learning, we also tested the mice in cued (hippocampal-independent) and contextual (hippocampal-dependent) fear conditioning (Garcia et al., 1997) .
The constitutive 5-HT1B KO mice may exhibit a degree of neuronal plasticity attributable to the absence of the receptor during development, which may be responsible for the observed behavioral changes. It is thus clear that our model cannot definitely decide whether the 5-HT1B receptor is directly or indirectly involved in memory processes. The "chronic" deletion of the 5-HT1B receptor may also affect indirectly cognitive functions through a modification of emotional state, locomotor activity, or some form of impulsiveness of the animal. These different behavioral components were separately analyzed f urther using the elevated plus maze, activity boxes, and spontaneous alternation, respectively. To assess possible developmental plasticities of 5-HT receptors in anatomical structures related to the behaviors under study, the density of 5-HT1A, 5HT1B, and 5-HT1D binding sites was determined by quantitative autoradiography.
MATERIALS AND METHODS Animals
The subjects were male 129-Sv-ter wild-type (W T) and homozygous 5-HT1B KO mice. On receipt from the breeding colony (Transgenose Laboratory, Bordeaux II University), they were housed individually in standard transparent laboratory cages (26 ϫ 12 ϫ 14 cm) in a temperature-controlled colony room (22 Ϯ 1°C), adjacent to the experimental room. They were maintained on a 12 hr artificial light /dark cycle (with lights on at 6:00 A.M.) and provided with food and water ad libitum. The experiments started when the animals were ϳ5 months old, weighing 25-35 gm. They were tested during the light phase between 10:00 A.M. and 5:00 P.M.
Object e xploration
General materials and methods. The subjects of this study were 18 naive male W T and 15 naive male 5-HT1B KO mice. The apparatus consisted of a circular open field, 70 cm in diameter with 30 cm high walls, made of white cardboard [for details, see ]. The mice were handled daily for 10 min during a week before they were subjected to two exploration tests, separated by a month. Within each experiment, W T and 5-HT1B KO mice were tested alternately to avoid any circadian effect on the activity of the animals. The open field was cleaned only at the end of the experiment for a given animal. Animal movements (distance and duration) were recorded using the "V I DEOTR ACK" system (Viewpoint, Lyon, France) as previously used for rats . L ocomotor activity was assessed by fast movements (displacements equal to or faster than 10 cm /sec) in the entire open field. Object-oriented exploration was assessed by slow movements (slower than 10 cm /sec) within object(s) area(s). Thigmotaxic behavior, i.e., avoiding open areas, here the center of the field, was assessed by the relative time spent at periphery, that is, in a crown-shaped region (5 cm in width) close to the limit of the cylinder. The effect of genotype (W T vs 5-HT1B KO) on locomotor activity, thigmotaxic behavior, and objectoriented exploration was evaluated by using one-way ANOVAs (Statview 4.5, SuperANOVA, Abacus Concept), whenever more complex analyses (if not otherwise precise) were not necessary. When analyses across sessions were required, the data were introduced into two-way ANOVAs for repeated measures. Further F tests for particular within-group comparisons were conducted when the main effects were significant. Other pair-comparisons were performed by a post hoc (Scheffe) test, when necessary.
Single-session task . Each mouse was placed for 5 min in the open field containing a single object, a brilliant sphere (Christmas ball) 5 cm in diameter, located in the middle of the arena.
Multiple-session task . T wo conspicuous patterns were attached to the wall of the open field: a circular white pattern (18 cm in diameter) with black dots and a squared white pattern (18 cm ϫ 18 cm) with black vertical strips. Four different objects were used that differed mainly by shape: (1) a small shampoo bottle (3.5 cm in diameter, 6.5 cm in height), (2) a water jug (4 cm in diameter, 7 cm in height), (3) a thin cylinder (3.5 cm in diameter, 7 cm in height), or (4) a wide cylinder (5 cm in diameter, 5 cm in height). Each mouse received seven 6 min exploratory sessions, separated by 3 min intersession intervals, during which they were placed in their cages. The sequence of the successive sessions (and related observed behavior) followed the procedure for rats used by . L ocomotor activity, thigmotaxic behavior, and object-oriented exploration across sessions were submitted to ANOVAs for statistical evaluation with genotype as between-subject and successive sessions as withinsubject factors.
Object exploratory activity was first assessed during session 2 on the basis of average mean exploratory activity toward the objects [(AϩBϩC)/3], compared with the same measure in the area containing no object. E xploratory habituation was assessed by comparing the average mean exploratory activity toward the objects [(AϩBϩC)/3] during sessions 2, 3, and 4. A decrease in exploratory activity between sessions 2 and 4 is taken as an index of habituation. The reaction to spatial change was assessed by comparing the mean exploratory activity toward the displaced object (C) and the nondisplaced objects [(AϩB)/2] during sessions 4 and 5 (test session that included the spatial change). The reaction to the new object was assessed by comparing the exploratory activity toward object A during session 6 (the preceding habituation session) and toward object D during session 7 (when the new object D replaced object A in the same area). The nonspecific reaction was assessed by comparing the exploratory activity between sessions 6 and 7 toward the familiar object B, i.e., the one that never changed.
Statistical analyses were conducted on the data using ANOVAs with the genotype as the between-subject factor, and session, "area" (object vs no object) or the category of "object" (displaced and nondisplaced, new and familiar) as within-subject factors.
Spatial learning in a water maze
General materials and methods. The apparatus was a white circular swimming pool (140 cm in diameter) with walls 40 cm high. It was located in a room with various distal cues. The pool was filled with water (30 cm depth) maintained at 20°C, which was made opaque by the addition of a nontoxic white paint. Inside the pool was a removable, circular (13 cm in diameter) Plexiglas platform positioned such that its top surface was 0.5 cm below the surface of the water. The platform, which served as the ref uge from the water, is generally located in the center of an arbitrarily defined quadrant of the maze. Data were collected using a video camera fixed to the ceiling of the room and connected to the V I DEOTR ACK system and to a video recorder, both located in an adjacent room that received the individual home cages of mice currently tested.
On the first day, each mouse received a first pretraining session that consisted of placing the mouse on the platform where it had to stay at least 15 sec, followed by a 30 sec swimming period, and ended by several trials of climbing onto the platform until each subject was able to climb without help. This nonspatial procedure was required to avoid conf usion between procedural aspects of the task and subsequent spatial performance (Beiko et al., 1997) . During the learning stages proper, each animal was subjected to a daily four-trial session. Before the first trial of the first session (second day), the mouse was placed for 15 sec on the platform. Each trial consisted of releasing the mouse into the water facing the outer edge of the pool at one of the quadrants (except the quadrant where the platform was located) and letting the animal escape to the platform before 90 sec had elapsed. A trial terminated when the animal reached the platform, where it remained for 15 sec. Mice that failed to find the platform within this time limit were placed onto the platform by the experimenter and had to stay there for 15 sec before being removed and placed back in their home cage for a 15 min inter-trial interval. The cages were placed beneath a heat lamp to reduce core temperature loss. The releasing point differed at each trial (for example, east, west, south, and east if the platform was in the north quadrant), and different sequences of releasing points were used from day to day. The mice were run by squads of six, i.e., they had their first trial successively, then their second, until the fourth and last one; W T and 5-HT1B KO mice ran alternately. On the last day of different learning stages, the animals were generally given a probe trial, replacing the fourth trial of the session, which consisted of letting the mouse swim in the pool while the platform was removed for a fixed duration (60 sec).
Animal movements were recorded using the V I DEOTR ACK system as described previously (see Object exploration, Materials and Methods). The data from the computer were processed using E xcel (Microsoft). This processing allowed us to calculate the escape latency (time required to find the platform, in seconds), the path length (distance covered by the mouse until it finds the platform, in centimeters), and the swimming speed (velocity, in centimeters/second). Genotype (W T vs 5-HT1B KO), trial, and day were the main factors of the ANOVAs (using StatView 4.5 or SuperANOVA, Abacus Concepts). Particular analyses were conducted, as for the probe trials, with the time spent (1) in the different quadrants (QUADR AN T) or (2) in the exact platform zone (or equivalent virtual areas in the other quadrants: PL ATFORM) (Perrot-Sinal et al., 1996) . The number of entries onto PL ATFORM, as compared with the other three equivalent zones, was taken as revealing the number of crossings above this limited zone. ANOVAs were performed on these data with the genotype and area (four zones of the same type: QUAD-R AN T or PL ATFORM) as the main factors.
Water maze: E xperiment I. The subjects of this experiment were 12 naive male W T and 12 naive male 5-HT1B KO mice. On the first day, after the procedural pretraining, each mouse performed a visually guided orientation session, i.e., a series of four trials for which the submerged platform had a visible white cylinder (4 cm in diameter, 7 cm in height) on the top. The animal was first placed during 15 sec on the platform (located in the center of the north quadrant) and then released from an arbitrary peripheral location, from which it had to return to the platform. For each of the additional three trials, the platform was displaced to a new location, and the animal was released from a new peripheral position. The experiment was performed with the hidden platform to evaluate spatial reference memory performances and was composed of three main steps: (1) acquisition stage (9 d), with the escape platform located in the center of the north quadrant; (2) transfer stage (4 d), with the platform located in the center of the east quadrant; and (3) long-term retrieval test, which was an additional session of four trials (the platform remained in the same east quadrant), performed 3 weeks after the end of the transfer stage. In this experiment, the only measure available was the escape latency to the platform.
Water maze: E xperiment II. Given the results of E xperiment I, we decided to replicate the experiment and to record additional variables, allowing a more precise determination of the nature of performances, such as path length to reach the platform and velocity. New groups of 12 W T and 12 5-HT1B KO mice were subjected to the experiment using the same spatial reference memory paradigm as for E xperiment I except that (1) they did not perform the initial visually guided orientation task with the nonstationary platform, and (2) the experiment was followed by a 5 d working memory (repeated acquisition) task. Each day the platform was placed in a new location, and the mouse had to find it across four successive trials (10 min inter-trial interval). This paradigm involves extinction of the use of reference memory, and the mice had to solve a new spatial problem each day. The first daily trial was preceded by the exposure of the mouse to the platform location (for 15 sec on the platform). The releasing points were different within a session. The successive stages of this experiment were thus: acquisition stage (10 d, with a probe trial on the fourth trial of the last day); transfer stage (4 d, with a probe trial on the fourth trial of the last day); and working memory task (5 d).
T wo weeks after the completion of the water maze (E xperiment II), the same mice performed the following tests, in the order described here, separated by a 1 week delay between each.
Spontaneous alternation
The apparatus was a Y-maze made of clear opaque Plexiglas. It consisted of three identical arms (34 ϫ 10 ϫ 18 cm) converging at the center of a triangular area, so that they formed a symmetrical Y shape (120°of angular deviation from each other). The apparatus was placed on the floor of the experimental room, and a video camera hung above the apparatus recorded the behavior of the animals. W T and 5-HT1B KO mice were placed individually in the central area and allowed to explore the maze freely for 6 min. The sequence of arms visited was recorded. Global activity was assessed by the number of visits to the different arms. Simple alternation (vs repetition) was defined as a visit to one arm followed by a visit to another arm. Second order alternation was defined as the consecutive entry into all three arms on consecutive choices. In this case, the f ull alternation frequency was calculated as the ratio of (actual alternation /maximum alternations possible). The frequency of occurrence of f ull alternation on three arms was compared with the frequency of occurrence of incomplete or null alternation patterns. Because the second order alternation may reveal stereotyped behavior based on a preferred side (clockwise or counterclockwise exploration), an additional index of laterality was calculated. The data were statistically evaluated by ANOVAs, with the genotype as the between-subject factor, and alternation (vs repetition), left (vs right), and different patterns of second order alternation (three levels) as the within-subject factors.
Elevated plus maze
The elevated plus maze was used to assess anxiety in W T and 5-HT1B KO mice to determine possible interfering emotional factors that may modulate performance in learning and memory tasks (Chopin and Briley, 1987) . The plus maze was made of four, dark gray Plexiglas arms, two open arms (67 ϫ 7 cm), and two enclosed arms (67 ϫ 7 ϫ 17 cm) that formed a cross shape with the two open arms opposite each other. The maze was 55 cm above the floor and dimly illuminated (20 lux). Photobeam cells (connected to a computer), placed at two different levels along the length of each arm, allowed detection of the passage of the animal from the central platform (7 ϫ 7 cm) to any arm, and from the middle of an arm to its extremity (and return). W T and 5-HT1B KO mice were placed individually on the central platform, facing an open arm, and allowed to explore the apparatus for 8 min. Global activity was assessed by the number of entries into the four arms. Anxiety was assessed by comparing the activity in the open versus enclosed arms, using an index taking into account the time spent in each category of arm as the ratio: open arms/(open ϩ enclosed arms). The lower value is this index, the higher is the level of anxiety. The data were statistically evaluated using ANOVAs, with the genotype as the between factor and the arm (open and enclosed) as the within factor.
Fear conditioning
We assessed contextual (hippocampal-mediated) memory using the conditioned fear paradigm with two groups of W T and 5-HT1B KO mice that had been subjected previously (1 month before) to the water maze task (E xperiment II), using a procedure adapted from Bach et al. (1995) [see also Garcia et al. (1997) ]. The test is composed of three 6 min sessions. On the training day, each mouse (either a W T or a 5-HT1B KO, in alternation) was brought to a novel room and placed for 6 min in the conditioning chamber, a mouse operant rectangular box (30 ϫ 24 ϫ 22 cm) with a floor made of 60 stainless steel rods (2 mm in diameter) spaced 5 mm and connected to a generator that delivered electric shocks. T wo footshocks (0.9 mA, 2 msec) were delivered at 2 and 4 min after the mouse was placed in the chamber. T wo tones (60 dB, 900 Hz, 20 sec) were paired with the onset of the shocks. Memory for either the contextshock or tone-shock association was assessed 24 hr after the training session during two successive 6 min test sessions by measuring the amount of freezing (freezing conditioned emotional response) exhibited by the mouse in the presence of the old context alone (without tone) and then (2 hr later) in the presence of the tone (60 dB, 900 Hz, 2 min, occurring at 2 min) in a novel context (white Plexiglas chamber, same dimensions as the first chamber, without grid floor). The apparatus was cleaned with water after each passage. The experiment took place in a dimly lit room (20 lux). The V I DEOTR ACK system was used to measure the duration of freezing, i.e., time spent in total immobility (threshold of movements Ͻ1.5 cm /sec). ANOVAs were conducted on these data as previously described with the genotype, session (3 levels), and block of 2 min (three levels for a given session) as the main factors.
Locomotor activity L ocomotor activity was assessed using cylindrical activity cages where the animal can move inside a cylindrical corridor (outer diameter, 20 cm; inner diameter, 10 cm). Eight photobeam cells connected to a computer allowed us to measure the activity defined as the number of revolutions per minute made by the mouse. A battery of six cages enabled six mice to be tested simultaneously. W T and 5-HT1B KO mice were placed individually in one of the cages at 10:00 A.M., and they were retrieved at 11:00 A.M. the same day. The time sampling chosen was a measure every 5 min.
The 5-HT1A /1B receptor agonist 5-methoxy-3-(1,2,5,6-tetrahydropyrid-4-yl)-1H-indole (RU 24969, 5 mg / kg, i.p.) induces hyperlocomotion in rats and mice (Oberlander et al., 1987) . 5-HT1B KO adult mice are not sensitive to this treatment (Saudou et al., 1994) , which suggests that this drug affects locomotion via 5-HT1B receptors. Mice were placed individually in the activity cages (as described above) for a 60 min period; they then received an injection of RU 24969 (5 mg / kg, i.p., dissolved in saline) before being returned to the activity cage for two additional 60 min periods. The time sampling chosen was a measure every 30 min.
Receptor autoradiography
Preparation of the brains, coronal frontal sections, incubation, and exposure were performed as described in Boulenguez et al. (1993) . (Macor et al., 1990) , respectively, to the incubation medium. 5-HT1A binding sites were labeled with 1 nM [ 3 H] 8-OH-DPAT (140 C i /mmol, Amersham). Nonspecific binding was determined in the presence of 10 Ϫ5 M serotonin (Sigma, St. L ouis, MO). Quantitative analysis of autoradiograms was performed with a computer device for image analysis (Biolab) (Segu et al., 1990) . Four to 11 brains from each genotype were used. The mean density of labeling of each anatomical structure of interest (three sections/ brain) was expressed in nanocuries/milligram of tissue equivalent according to reference standards (nC i /mg). The different anatomical structures analyzed were substantia nigra, striatum, and globus pallidus for 5-HT1B/1D binding sites; and oriens, radiatum, and lacunosum moleculare layers of CA1, granular, and molecular layers of dentate gyrus and outer and inner layers of parietal cortex for 5-HT1A binding sites.
RESULTS

Object exploration Single-session task
Locomotor activity displayed by W T and 5-HT1B KO mice is shown in Figure 1 A by the mean distance run in fast movements. The statistical analysis performed on the data revealed no significant effect of genotype. In contrast, thigmotaxis differed according to the genotype (F (1,31) ϭ 7.10; p Ͻ 0.02), with 5-HT1B KO mice spending less time at periphery (Fig. 1 B) . 5-HT1B KO mice differed from W T mice (F (1,31) ϭ 5.42; p Ͻ 0.05) by their higher exploratory activity toward the object (Fig. 1C ).
Multiple-session task
Locomotor activit y. The time course of locomotor activity during the entire experiment (sessions 1-7) is shown in Figure 2 A. The ANOVA revealed no significant effect of genotype, but a significant effect of session (F (6,186) ϭ 32.52; p Ͻ 0.0001), and no effect of the interaction genotype ϫ session. Habituation of locomotor activity was further assessed by a significant effect of session in both groups (WT, F (6,102) ϭ 16.03, p Ͻ 0.0001; 5-HT1B KO, F (6,84) ϭ 17.78, p Ͻ 0.0001).
Thigmotaxic behavior. WT and 5-HT1B KO mice differed significantly in thigmotaxis as revealed by the relative time spent at periphery across sessions (Fig. 2 B) . The statistical analysis revealed significant genotype (F (1,31) ϭ 6.91; p Ͻ 0.02) and session (F (6,186) ϭ 12.19; p Ͻ 0.0001) effects, but no significant effect of the interaction genotype ϫ session. It is interesting to note that during session 1 (without object), wild-type mice and 5-HT1B KO mice did not differ significantly in thigmotaxis when the whole session is considered.
Object-oriented exploratory activity. The histograms of Figure  3A show the average mean exploratory activity in the areas containing objects and in the area containing no object during session 2. WT and 5-HT1B KO mice preferentially displayed a higher level of exploratory activity in the vicinity of the objects than in the empty area. However, the ANOVA revealed no significant effect of genotype, a significant effect of area (F (1,31) ϭ 97.34; p Ͻ 0.0001), but no significant genotype ϫ area interaction. The exploratory activity across sessions 2-7 (Fig. 3B ) was observed to be higher in 5-HT1B KO than in W T mice, as revealed by the ANOVA, with a significant effect of genotype (F (1,31) ϭ 3.97; p ϭ 0.05). A significant effect of session (F (5,155) ϭ 3.67; p Ͻ 0.005) but a lack of significant effect of the interaction genotype ϫ session were observed.
Habituation of object e xploration. The level of exploratory activity progressively decreased from sessions 2 to 4 (sessions without change) (Fig. 3B, S2, S3, S4 ). The ANOVA revealed a significant session effect (F (2,62) ϭ 4.73; p Ͻ 0.02). However, a significant effect of genotype (F (1,31) ϭ 4.64; p Ͻ 0.05) was observed that can be accounted for by the maintenance in 5-HT1B KO mice of a higher level of exploratory activity, as compared with W T mice. A f urther within-subject analysis revealed a session effect in W T mice (F (2,34) ϭ 11.02; p Ͻ 0.0005) but not in 5-HT1B KO mice. Thus, only WT mice displayed habituation to object exploratory activity.
Response to spatial change. The displaced object, as well as the nondisplaced object, did not change the average level of exploratory activity in either WT or 5-HT1B KO mice. The ANOVA showed no significant effects of genotype, category of object (displaced vs nondisplaced), and session, or of the various interactions (as for object ϫ genotype, session ϫ genotype, object ϫ session ϫ genotype). However, this test was characterized by a high level of variability in individual subject's reactions in both groups. Ten of 18 WT and 9 of 15 5-HT1B KO mice displayed a selective renewal of exploration toward the displaced object between sessions 4 and 5, but the other mice displayed a lack of systematic reaction or a decreased exploratory activity.
Response to the new object. The substitution of a new object for a familiar object (session 7) did not change the exploratory activity toward this novel object between sessions 6 and 7. The ANOVA revealed no significant effects of genotype, category of object, i.e., new versus unchanged, and session. When considering the behavior during session 7 only, the analysis revealed a significant effect of the category of object (F (1,31) ϭ 6.17; p Ͻ 0.02), but no effect of genotype or of the interaction object ϫ genotype. Mice of both genotypes explored the new object more than the familiar object during session 7. This tendency, which was not significant in WT mice, approached significance in 5-HT1B KO mice (F (1,31) ϭ 4.01; p ϭ 0.06). The same analysis performed for session 6 revealed no significant effect of the category of object, nor of genotype or of the interaction object ϫ genotype.
Spatial learning in a water maze Water maze: Experiment I
Visually guided orientation. Both WT and 5-HT1B KO mice quickly learned to reach the platform in a relatively efficient manner. The ANOVA conducted on the escape latencies revealed no effect of genotype, a significant effect of trial (F (3,66) ϭ 10.62; p Ͻ 0.0001), and no effect of the interaction genotype ϫ trial, indicating that 5-HT1B KO mice acquired the cued version of the water maze task in a manner similar to that of the WT mice (Table 1) .
Spatial reference memory learning. Acquisition stage (days 2-10). During the first stage of learning, both groups of mice improved their performance as indicated by the decreasing escape latencies across successive days (day effect: F (8,176) ϭ 20.70; p Ͻ 0.0001). However, the escape latency was generally higher in WT than in 5-HT1B KO mice. A significant effect of genotype (F (1,22) ϭ 8.27; p Ͻ 0.01) revealed a difference in performance between the two groups, with 5-HT1B KO mice showing better performances. The ANOVA failed to reveal any significant effect of the interaction genotype ϫ day. Note that mice of both genotypes started at the same level of performance (no significant genotype effect was observed for the first three trials of day 2). Transfer stage (days 11-14) . The displacement of the platform induced an increase in the mean escape latency (day 11, first day of transfer) of the same extent in both groups; however, 5-HT1B KO mice started at a lower level. Both groups of mice acquired the new goal location (day effect: F (3,66) ϭ 20.07; p Ͻ 0.0001); however, a significant effect of the genotype (F (1,22) ϭ 11.02; p Ͻ 0.005) suggests that again 5-HT1B KO mice were facilitated. No significant genotype ϫ day interaction was observed. Again, it was found that during the first two trials of day 11, mice did not differ in performance according to their genotype.
Long-term retention (day 35) . After an interruption of 3 weeks, both groups of mice were able to remember the platform location. The ANOVA failed to reveal any significant genotype effect (latency, mean Ϯ SE ϭ 23.25 Ϯ 2.6 sec for W T and ϭ 21.15 Ϯ 3.27 sec for 5-HT1B KO mice).
Water maze: E xperiment II
Acquisition stage: escape latencies to the platform. Figure 4 A shows the learning curves from day 1 to day 10 (D1-D10). Both WT and 5-HT1B KO mice learned the task and exhibited decreasing escape latency across days. The ANOVA revealed significant effects of day (F (9,198) ϭ 34.78; p Ͻ 0.0001) and genotype (F (1, 22) ϭ 20.72; p Ͻ 0.0005) and a nonsignificant effect of the interaction genotype ϫ day. These results suggest that both WT and 5-HT1B KO mice were able to learn the task, but a difference in performance was found between groups, with 5-HT1B KO mice reaching the platform faster.
Path length. The distance covered by the mice to reach the platform decreased across days (days 1-10) in both WT and 5-HT1B KO groups (Fig. 4 B) . The ANOVA revealed a significant effect of day (F (9,198) ϭ 45.84; p Ͻ 0.0001). Path lengths of 5-HT1B KO mice were shorter than those of W T mice. The ANOVA revealed a significant effect of genotype (F (1,22) ϭ 14.88; p Ͻ 0.001) but no significant interaction genotype ϫ day.
Velocit y. Swimming speed evolved differently across days depending on the genotype (genotype effect: F (1,22) ϭ 9.37, p Ͻ 0.01; day effect: F (9, 198) ϭ 31.78, p Ͻ 0.0001; interaction genotype ϫ day, F (9, 198) ϭ 2.62, p Ͻ 0.01). Both groups displayed the same swimming speed from day 1 to day 6. Then (days 7-10), although 5-HT1B KO mice kept on a constant speed (14.5 cm/ sec), W T mice decreased their velocity (from an average of 14 cm/sec to 11 cm /sec) at the end of this learning period (Fig. 4C ). This change in velocity corresponds to the time the WT mice improved their performances until reaching the asymptotic level of performance previously reached by the 5-HT1B KO mice (day 3).
Probe trial on day 10. The withdrawal of the platform induced a general tendency to swim, preferentially to other equivalent zones, in the quadrant where the platform was previously located (QUADR AN T) (Fig. 5A ) and in the platform zone (PLAT-FORM) (Fig. 5B) . In terms of relative time spent in the four equivalent zones, the ANOVA revealed this preference displayed by both genotypes (QUADR AN T, no significant genotype effect; significant zone effect, F (3,66) ϭ 133.92, p Ͻ 0.0001; PL ATFORM, no significant genotype effect; zone effect, F (3,66) ϭ 46.00, p Ͻ 0.0001). Furthermore, the analysis conducted on the crossings onto PL ATFORM again revealed a marked preference in both genotypes (no significant genotype effect; significant zone effect, F (3,66) ϭ 54.99, p Ͻ 0.0001). Thus at the end of the acquisition period, W T were similar to 5-HT1B KO mice in their ability to remember accurately the location of the platform.
Transfer stage. Both W T and 5-HT1B KO mice relearned the new position of the platform, from day 11 to day 14, improving their performance across days (Fig. 4) . The ANOVA thus revealed a significant day effect for both escape latencies (F (3,66) ϭ 33.94; p Ͻ 0.0001) and path length (F (3,66) ϭ 35.09; p Ͻ 0.0001). 5-HT1B KO mice again displayed higher performances [reduced latency and path length as compared with W T (Fig. 4, A and B,  respectively) ]. Significant genotype effects were revealed for both the latency (F (1,22) ϭ 21.76; p ϭ 0.0001) and path length (F (1,22) ϭ 9.57; p Ͻ 0.01) but no significant effects of the interaction genotype ϫ day. On day 13, W T mice reached the 5-HT1B KO mice performance level, as evaluated in terms of path length. Swimming speed (Fig. 4C ) differed between genotypes across days (genotype effect: F (1,22) ϭ 19.17, p Ͻ 0.0005; day effect: F (3,66) ϭ 12.38, p Ͻ 0.0001), with a sensitive decrease in W T (from 14 to 11 cm/sec, on average) and a less marked decrease in 5-HT1B KO mice (mean speed 16 -15 cm /sec), respectively (interaction genotype ϫ day: F (3,66) ϭ 4.21; p Ͻ 0.01).
Probe trial on day 14. Both W T and 5-HT1B KO mice preferentially swam in zones defining the recent location of the platform as opposed to other equivalent zones: QUADR AN T (Fig. 5C) , PLATFORM (Fig. 5D ). This preference was displayed similarly by both genotypes (QUADR AN T, no significant genotype effect; significant zone effect, F (3,66) ϭ 121.96; p Ͻ 0.0001; no significant genotype ϫ zone interaction; PL ATFORM, no significant genotype effect; significant zone effect, F (3,66) ϭ 29.50; p Ͻ 0.0001; no significant genotype ϫ zone interaction). A marked preference for swimming onto the platform was further assessed by the analysis of crossings (PLATFORM, genotype effect, F (1,22) ϭ 5.80; p ϭ 0.025; zone effect, F (3,66) ϭ 50.67; p Ͻ 0.0001; no significant genotype ϫ zone interaction). Thus at the end of the transfer, WT did not differ from 5-HT1B KO mice in their accurate remembering of the location of the platform. However, the marginal effect of the genotype observed in this analysis was found to be caused by a higher activity of 5-HT1B KO.
Spatial working memory learning. Mice from both genotypes, subjected to four daily trials with the changing of platform location from day to day, improved their performances (latency) from trial 1 to trial 4 of each day (Fig. 6) . The ANOVA performed on the escape latency revealed a significant effect of trial (F (3,66) (F (3,66) ϭ 3.78; p Ͻ 0.02) suggests that this improvement was higher in 5-HT1B KO mice than in W T. The analysis did not reveal any significant effect of day and of the interaction genotype ϫ day, which suggests that the improvement was independent from one day to another. However, when path length was considered, the ANOVA revealed no significant effect of genotype, but did reveal significant effects of trial (F (3,66) ϭ 28.56; p ϭ 0.0001) and of the interaction genotype ϫ trial (F (3,66) ϭ 5.1; p Ͻ 0.005).
Spontaneous alternation
The exploratory activities displayed by W T and 5-HT1B KO mice in the Y-maze did not show any preference bias in the frequency of visits to the different arms; however, 5-HT1B KO mice displayed higher levels of locomotor activity than WT mice. The ANOVA conducted on the number of entries in the arms thus revealed a lack of significant effect of the arm but a significant effect of the genotype (F (1, 22) ϭ 15.28; p Ͻ 0.001) and a nonsignificant genotype ϫ arm interaction. Spontaneous alternation was equally displayed by mice of both genotypes. The ANOVA revealed a lack of significant genotype effect for both simple and second order alternations. Simple alternations represented 96% of the pattern of W T mice and 97% of those of 5-HT1B KO mice. Mice did not display strong side preferences. The ANOVA revealed no significant effects of genotype but a significant effect of the interaction genotype ϫ side (F (1, 22) ϭ 11.02; p Ͻ 0.005), which reveals a weak but opposite side preference between W T (60% right) and 5-HT1B KO mice (57% left).
Elevated plus maze
The ANOVA conducted on the number of entries in the open and closed arms did not reveal any significant effect of genotype. This result suggests that locomotor/exploratory activity was identical in both groups of mice in this apparatus.
The ANOVA conducted on the index of anxiety did not reveal any significant effect of genotype. Thus anxiety levels were found to be similar in WT and 5-HT1B KO mice as assessed in the elevated plus maze.
Fear conditioning Training
Time spent freezing increased across blocks during training (first session) in both WT and 5-HT1B KO mice, with a minimum during the first 2 min block, i.e., before the onset of the tone ϩ shock (mean Ϯ SE ϭ 8.46 Ϯ 1.5 sec for WT, and ϭ 6.6 Ϯ 0.9 sec for 5-HT1B KO mice). After the first (second block) and then the second (third block) presentation of the tone ϩ shock pairing, freezing gradually reached elevated values as shown in Figure 7A . The ANOVA revealed a significant effect of block (F (2,24) ϭ 79.14; p Ͻ 0.0001) but no significant effects of genotype or of the interaction genotype ϫ block.
Conte xt test
When brought back in the previous context 24 hr after training (second session), mice exhibited high levels of freezing, which increased from block 1 to block 2, suggesting that they remembered the context where they received the electric shock the day before (Fig. 7B) . The ANOVA revealed a significant effect of block (F (2,24) ϭ 3.86; p Ͻ 0.05) but no significant effect of genotype or of the interaction genotype ϫ block. Both groups of mice froze in a similar manner, beginning during the first 0 -2 min block, when they were placed back in the conditioning chamber.
Auditor y cue test
When placed in a new context (third session), mice displayed an increase in freezing at the onset of the tone (second block) (Fig.  7C) . The ANOVA revealed a significant effect of block (F (2,24) ϭ 20.98; p Ͻ 0.0001), but no significant effect of genotype or of the interaction genotype ϫ block. In the new context, WT and 5-HT1B KO mice froze equally at the presentation of the tone, which had been associated previously with the electric shock. The entire experiment did not enable us to detect any differences between W T and 5-HT1B KO mice in the emotional response induced by fear conditioning. Only a marginally significant effect of the genotype was observed when comparing freezing responses limited to the first block (0 -2 min) of the successive three sessions of the experiment (training, old context, new context) (F (1,12) ϭ 4.22; p ϭ 0.06), associated with a significant session effect (F (2,24) ϭ 40.94; p Ͻ 0.0001), but no significant genotype ϫ session interaction. Further punctual analyses indicate that this slight difference in genotype might be limited only to the auditory cue test (third session), during which WT mice displayed a tendency to freeze more than 5-HT1B KO mice (F (1,12) ϭ 4.10; p ϭ 0.06), but nonsignificant genotype differences were observed during both training and context sessions.
Locomotor activity
Locomotor activity as assessed in activity cages decreased regularly over time (5 min blocks/60 min test) in both WT and 5-HT1B KO mice (Fig. 8 A) . The ANOVA revealed no significant effect of genotype, a significant effect of block (F (11,242) ϭ 23.37; p Ͻ 0.0001), and no significant effect of the interaction genotype ϫ block. Moreover, the effect of a systemic treatment by the RU 24969 on locomotor activity selectively affected W T but not 5-HT1B KO mice (Fig. 8 B) . After injection, W T mice displayed a dramatic and progressive increase in activity that persisted for at least 2 hr, whereas 5-HT1B KO mice did not show any change from their previous asymptotic level of activity. The ANOVA conducted on the raw data (30 min blocks/180 min test) revealed significant effects of genotype (F (1,22) ϭ 5.69; p Ͻ 0.05), of block (F (5,110) ϭ 4.42; p ϭ 0.001), and of the interaction genotype ϫ block (F (5,110) ϭ 9.42; p Ͻ 0.0001).
Receptor autoradiography
The anatomical localization of 5-HT1B/1D binding sites is shown in Figure 9 on brain sections of W T and 5-HT1B KO mice. With 0.3 nM S-C M-G[
125 I]TN H2 alone, a high density of labeling is observed in the W T (Fig. 9A) , especially in the substantia nigra, the dorsal subiculum, and the superior colliculus, whereas a low density is observed in the substantia nigra of the 5-HT1B KO mouse (Fig. 9B) , which corresponds to 18% of the labeling of the same structure in W T [W T ϭ 0.630 nC i /mg, 5-HT1B KO ϭ 0.115 nCi/mg, (F (1,20) ϭ 222.74; p Ͻ 0.001)]. The level of 5-HT1D sites was assessed by addition of 10 Ϫ6 M CP 93129 to the incubation medium, which selectively masks 5-HT1B sites. The density of 5-HT1D sites does not differ between genotypes (Fig. 9C,D) , whatever the anatomical structure considered: substantia nigra (WT ϭ 0.096 nCi/mg, 5-HT1B KO ϭ 0.087 nCi/mg); globus pallidus (WT ϭ 0.089 nCi/mg, 5-HT1B KO ϭ 0.086 nCi/mg); striatum (WT ϭ 0.067 nCi/mg, 5-HT1B KO ϭ 0.069 nCi/mg). The addition of 10 Ϫ5 M 8-OH-DPAT to the incubation medium did not change the level of labeling in the WT (Fig. 9E) caused by the presence of 5-HT1B sites, but resulted in the disappearance of the labeling in the 5-HT1B KO mice (Fig. 9F ) . Treatment with 10 Ϫ7 M 8-OH-DPAT does not modify the labeling in either genotype (data not shown). There was no significant effect of the genotype on the density of 5-HT1A binding sites and no significant effect of the interaction genotype ϫ anatomical structure, but a significant effect of the anatomical structure (F (1,6) ϭ 15.10; p Ͻ 0.001), with the highest labeling in the radiatum layer of CA1 (WT ϭ 13.47 nCi/mg, 5-HT1B KO ϭ 12.86 nCi/mg) and the lowest density in the outer layer of parietal cortex (WT ϭ 3.36nCi/mg, 5-HT1B KO ϭ 3.15 nCi/mg). 
DISCUSSION
The main finding of this study is that the deletion of a single gene coding for a particular 5-HT receptor, the 5-HT1B, is associated with facilitation of learning abilities, without affecting general emotional state or locomotor abilities.
WT and 5-HT1B KO mice differed in locomotor/exploratory activity only when the environment was relatively "rich" given its internal structure (Y-maze) or the addition of inner variety (objects in the open field). The activity cages and the elevated plus maze did not reveal any locomotor differences as a f unction of genotype. The lack of genotype differences in freezing during the first 2 min of the training session of fear conditioning suggests a lack of change in the basic activity level recorded in this "poor" environment. It may also be possible that this environmentdependent genotype difference in exploration may be attributable to the sequence of testing the mice, which started as naive in the stressf ul water maze task and were subsequently submitted to free-exploration tests (Y-maze, elevated plus maze). However, we replicated these tests with naive animals and obtained quite similar results (M.-C. Buhot, unpublished observation). From the object exploration task performed by naive mice we observed that 5-HT1B KO mice displayed no differences in locomotor activity as compared with W T mice, a result consistent with our previous observations (Saudou et al., 1994) , but the present study also showed that W T and 5-HT1B KO mice did not differ in exploratory strategy (spontaneous alternation), i.e., if we consider more qualitative aspects of exploratory behavior.
In a previous study, we observed that the 5-HT1B agonist CP-93129 injected into the dorsal hippocampus decreased locomotor activity in the open field immediately after the first contact of the rat with the new environment and induced neophobic reaction in the presence of a new object replacing a familiar one . This finding is relevant to the possible anxiogenic action of 5-HT1B receptor agonists, and to the role played by the hippocampus in emotional states (Gray, 1984; LeDoux, 1993) . In the open field containing one object or several objects, 5-HT1B KO mice displayed elevated exploratory activity associated with a decrease in thigmotaxis without elevation of locomotor activity. However, it was observed that in the absence of objects (session 1 of the multiple-session exploration study), WT and 5-HT1B KO mice did not differ significantly in thigmotaxis. It is thus not certain that thigmotaxis in the presence of objects directly reveals a higher level of anxiety. Furthermore, we confirmed that 5-HT1B KO mice do not differ from WT in anxiety measured, in the present study, in the elevated plus maze, as observed previously using another model of anxiety, i.e., the light/dark choice test (Ramboz et al., 1996) . This dissociation between locomotor and more cognitive components of the mouse's behavior suggests that "shyness," a characteristic of 129/Sv mice, is reduced in 5-HT1B KO mice, which respond more positively to novelty.
The higher and sustained level of exploratory activity found in 5-HT1B KO mice could reveal a lack of behavioral inhibition, which may indicate the presence of some aspect of impulsive behavior. However, if the 5-HT1B KO mice display impulsive behavior in a social context (aggression toward male intruders) (Saudou et al., 1994) , they do not clearly exhibit impulsive reactions in food-reinforced instrumental learning (Brunner and Hen, 1997) , but they develop a higher tendency toward alcohol consumption than WT (Crabbe et al., 1996) and are more motivated to self-administer cocaine (Rocha et al., 1998) .
The high level of reactivity to the environment displayed by the 5-HT1B KO mice suggests a pattern of behavior similar to the syndrome of "overattention" found in schizophrenia, a disorder possibly linked to serotonin dysfunction, with 5-HT1A and 1B receptors involved as possible major mediating targets (Gray et al., 1991; Cassaday et al., 1993) . However, 5-HT1B KO mice display an increased pattern of prepulse inhibition, which may reveal elevated attentional capacities, at least at the sensorimotor level (Dulawa et al., 1997) . This attentional component cannot be neglected in the analysis of learning and memory abilities of 5-HT1B KO mice.
The lack of exploratory habituation found in 5-HT1B KO mice might reveal a type of memory impairment that is frequently revealed as a consequence of hippocampal dysfunctioning but cannot by itself explain the lack of reaction to a spatial change (Thinus-Blanc et al., 1991; Save et al., 1992b) . Neither WT nor 5-HT1B KO mice reacted to spatial change, which might be attributable to their reputation as poor cognitive subjects (Gerlai, 1996) .
The water maze task was thus expected to critically elucidate major points regarding direct learning and memory abilities of the 5-HT1B KO mice. A first experiment using a spatial reference memory procedure showed that 5-HT1B KO mice acquired the task faster than WT mice. However, this difference in performance was selectively related to spatial memory, because WT and 5-HT1B KO mice did not differ in the cue version of the task.
The second experiment highlighted the fact that the better performance of the 5-HT1B KO mice was not simply attributable to a higher swimming speed. Shorter path lengths in 5-HT1B KO mice clearly assessed better orientation accuracy in comparison with WT mice, especially during acquisition. WT mice, however, improved their performance over time and at the same time decreased their velocity. This behavior, interestingly, might re- 
